Introduction
Organic solar cells have acquired great interest as they are considered a source of energy, which is completely clean and renewable (Brabec et al., 2001; Brabec, 2004; Riede et al., 2011; Sun et al., 2012; Mariani et al., 2014) . Numerous low molecular weight organic semiconductors have been investigated for photovoltaic and photoconductive applications (Peumans et al., 2003; Sayyad et al., 2009) . Among these organic semiconductors, copper phthalocyanine has been widely studied as a potential material for solar cells due to its better photovoltaic and photoconductive properties (Yoon et al., 2012; Kaur et al., 2014; Raïssi et al., 2014) . The open circuit voltage, under "one-sun" illumination for CuPc-based devices was obtained in the range of 450 mV to 1.2 V by varying thickness of the active layer (Rajaputra et al., 2007) , device structure and top electrodes (Tang, 1986; Yakimov and Forrest, 2002) . The active layers of CuPc for organic solar cells are mostly grown by vacuum evaporation technique, which is an expensive and time-consuming process, but the thin films grown by this technique show better results in terms of efficiency, film thickness uniformity and morphology (Aziz et al., 2011; Shanmugan and Mutharasu, 2012) . However, further improvements are required through simple and cost-effective solution processing techniques in order to meet the requirements of cheap and environment friendly technology.
Being an easier and efficient method of fabrication, spin coating technique has been employed in the fabrication of organic solar cell device, for its various advantages, which include simplicity of film deposition, cost effectiveness and less material consumption (Fakir et al., 2012) .
It has become very important to explore new materials which could be conveniently used in the fabrication of the solar devices to meet the growing need of energy.
Metallophthalocyanines (MPcs) and their soluble derivatives have attracted great interest for electronic and optoelectronic applications because they are thermally and chemically stable (Leznoff and Lever, 1996; Ahmad et al., 2010) and possess large absorption coefficient in the Q-band (visible spectral) region (Rosenthal, 1991) . Among many other phthalocyanine complexes, vanadyl phthalocyanine derivative (VOPcPhO) can be conveniently dissolved in a variety of organic solvents due to its high solubility as compared to other phthalocyanines (Aziz, 2012) . VOPcPhO has been investigated as an acceptor material for organic bulk heterojunction solar cell (Abdullah et al., 2012) and for the investigation of concentration dependent optoelectronic properties as well (Wada et al., 1997) . The use of VOPcPhO for photovoltaic applications is important because of its high solubility. The photovoltaic response of the VOPcPhO based single-junction organic solar cell has shown the potential of this material to play an important role in fabricating simple, easy and inexpensive devices. 
Experimental
The organic semiconductor vanadyl 2,9,16, 23-tetraphenoxy-29H, 31H-phthalocyanine (VOPcPhO) with molecular formula C56H32N8O5V was obtained from Sigma Aldrich.
VOPcPhO is an aromatic macrocyclic compound which is a green-colour dye. The four isoindole units surrounding the central-metal atom contribute to the heterocyclic structure of VOPcPhO. The VOPcPhO has vanadyl as a central-metal atom in the core of macrocycle.
Each isoindole unit is connected to another by a nitrogen atom that forms a part of an internal 16-membered ring of alternate carbon and nitrogen atoms (Rio et al., 2008) . The material was used as received. The molecular structure of VOPcPhO is given in Figure 1 (Take in Figure 1) A single-junction organic solar cell (OSC) reported in this paper was fabricated in the conventional sandwich type structure with the indium-tin oxide (ITO) anode at the bottom and metal cathode on the top. The device preparation steps are as follows: The ITO coated substrate was ultrasonically cleaned with Deacon® for 20 minutes and then subsequently with acetone and ethanol. Later the substrate was dried up with a stream of nitrogen. Before the deposition of VOPcPhO, the substrate was coated with a thin layer (~40 nm) of poly(3, 4-ethylenedioxythiophene) poly(styrene sulphonate) (PEDOT:PSS) by maintaining spin rate at 3000 rpm for 60 sec. Then, the sample was baked on a hotplate for 30 minutes at 120 °C. The solution of VOPcPhO in chloroform was prepared with concentration fixed at 30 mg/ml. Then, the WS-400B-6NPP-Lite spin coater was used to spin cast the VOPcPhO solution on the baked sample. The spin rate was maintained at 3000 rpm. The VOPcPhO film was further annealed at 125 °C (Aziz et al., 2012) . The HOMO and LUMO energy levels of VOPcPhO reported in the literature are 5.33 and 3.22 eV, respectively (Abdullah, 2012; Mazur et al., 2008) . A KLA Tencor P-6 surface profilometer was used to perform all thickness measurements. The Jasco V-570 spectrophotometer was employed to obtain the absorption spectra of various stand-alone thin films of VOPcPhO. The Keithley 236 source measuring unit (SMU) was used to measure current-voltage (I-V) characteristics of the device in dark and under illumination. The Oriel 67005 solar simulator, with AM 1.5G filters, was used to measure photocurrent under the irradiation of 100 mW/cm 2 .
Results and discussion

Dark-current-voltage characteristics
The current-voltage (I-V) characteristics play a key role in investigating junction properties.
Some of the valuable quantities, which include ideality factor (݊), reverse saturation current ‫ܫ(‬ ), rectification ratio (RR) and shunt (Rsh) resistance, could be obtained from these measurements. The semi-logarithmic plot of I-V curves of the device (ITO/PEDOT:PSS/VOPcPhO/Al) in dark are illustrated in Figure 4 . The experimental I-V characteristics, taken at room temperature, are non-linear and asymmetric, exhibiting a diode like behaviour. The rectification ratio, RR (ratio of the forward current to the reverse current at a certain applied voltage for the device) was determined at ±0.5V and was found 3.12. Since the VOPcPhO serves as a bipolar material (Abdullah, 2012), the rectifying phenomenon can be ascribed to charge carriers injected to the PEDOT:PSS and VOPcPhO active layer from both the electrodes i.e. the top electrode (Al) and bottom electrode (ITO).
(Take in Figure 4) Generally, it is presumed that when a contact between metal and semiconductor is developed, forward bias current results due to thermionic emission current, which is given as follows (Rhoderick, 1978; Sze, 1981) :
The expression for reverse saturation current I0 is given below:
where Øb0 is the zero-bias barrier height, V is the forward-bias voltage, k is the Boltzmann constant, T is the temperature in Kelvin, A * represents the effective Richardson constant and equals to 10 -2 A/cm 2 K 2 for organic semiconductor (Scott and Malliaras, 1999) . A is the active area of the diode and n is the ideality factor. The I-V plot was exercised to determine saturation current, which was found equal to 0.3 nA. The ideality factor (diode quality factor) 'n' is defined as:
The barrier height Øb0 can be determined by the following expression:
The current-voltage characteristics are extremely useful to provide important information about the junction properties such as ideality factor, reverse saturation current and zero bias barrier height. The semi-log I-V plot gives information about the ideality factor 'n' while the extrapolated saturation current determines the zero-bias barrier height 'Øb0'.
The values of n and Øb0 were obtained as 2.69 and 0.416 eV, respectively. In our case, the ideality factor, which should be closer to unity, deviates from the ideal value. The n value beyond '2' is highly suggestive of the fact that the prevalent current in single layer photovoltaic device is due to recombination (Yakuphanoglu, 2007) .
The Rsh (shunt resistance) is determined from the graph of the junction resistance (R) versus voltage (V) shown in Figure 5 . The obtained value of Rsh is 49 MΩ. Another method to determine the barrier height is the Norde's method (Norde, 1979) . The Norde's function can be expressed as:
where ߛ is a dimensionless quantity having a first integral value greater than 'n'. The value of ߛ in this case is '3'. A graph of ‫ܨ‬ሺܸሻ and ܸ, shown in Figure 6 , is plotted to obtain the minima on x and y axes. The barrier height can be calculated by the following expression:
where ܸ corresponds to the minima of ܸ and ‫ܨ‬ሺܸ ሻ represents the minima of ‫ܨ‬ሺܸሻ. The barrier height calculated by Norde's method is 0.39 eV, which is in agreement with the value obtained by conventional I-V method.
(Take in Figure 5 and Figure 6) 
Absorption spectra of VOPcPhO
The photo-absorption measurements made on the spin coated films of VOPcPhO are shown in Figure 7 . It is observed that VOPcPhO exhibits two predominant bands in the absorption spectra. The Q-band, which is a well-known band of a phthalocyanine molecule, lies in the visible region between 630 nm and 750 nm, while the Soret-band (B-band) is observed in the ultra-violet (UV) region from 270 to 410 nm. The aromatic cyclic conjugated 18-̟ electrons system is generally considered responsible for the spectral properties of the phthalocyanines (El-Nahass et al., 2005) .
(Take in Figure 7 )
The molecular orbitals contained in the 18-̟ electrons system and the overlapping orbitals on the metal atom, present in the centre of the ring give rise to the UV and visible spectra for the metal phthalocyanines (Ough et al., 1993) . The Q-band splits out in two characteristic peaks, as can be seen from the absorption spectra of VOPcPhO thin films. The higher energy peak (strong peak) occurs at 666 nm and the low energy peak (shoulder) appears at 715 nm in the visible region. However, the Soret-band or B-band possesses two peaks, observed at 290 nm and 344 nm, with one shoulder at 408 nm in the UV region of the absorption spectrum (Davidson, 1982; El-Nahass et al., 2004a; Wojdyla et al., 2006) .
Both Q-band and Soret-band may be attributed to the two lowest singlet-singlet electronic transitions of the conjugated system (Pan et al., 1998; Sayyad, 2009) . It is reported in the literature that the Q-band, which is quite sensitive to the environment of the molecule, is strongly localized on the Pc-ring (Chen et al., 1994) . The excitation takes place from the ground state a1u (̟) highest occupied molecular orbital (HOMO) to eg (̟*) lowest unoccupied molecular orbital (LUMO) of the phthalocyanine ring in the visible region (Qband), which can be interpreted as a transition between bonding and anti-bonding molecular orbitals (Davidson, 1982) . In the visible spectral region, the first ̟-̟* transition on the phthalocyanine macro-cycle may be assigned to the higher energy peak appearing at 1.88 eV, while the shoulder at 1.73 eV may be attributed to the presence of second ̟-̟* transition, excitonic transition, vibrational interval or surface state (Davidson, 1982; ElNahass et al., 2004b; Senthilarasu et al., 2004) . Nevertheless, the characteristic splitting (Davydov splitting) resulting from the vibronic coupling in the excited state, is observed in the Q-band region. The energy separation due to the Davydov splitting was found to be 0.15 eV, which is close to the values reported previously for the other phthalocyanine molecules (Davidson, 1982; Schechtman and Spicer, 1970) . The differences in the relative orientation of molecules are considered to be an important factor for the extent of the Davydov splitting.
The Soret band may arise due to a2u (̟) highest occupied molecular orbital (HOMO) to eg (̟*) lowest unoccupied molecular orbital (LUMO) transition. The following equation (Muhammad et al., 2010) has been employed to calculate the absorption coefficient for the as-cast and thermally annealed films of VOPcPhO:
where 2.303 is a conversion factor, 'A' is the measured absorbance of the annealed thin film samples and 'd' is the thickness of the film.
For optimisation of the VOPcPhO thin films, the thickness of the VOPcPhO active layer has been varied by manipulating spin-rate of the spin-coater while keeping the concentration and the solvent the same. The measured thicknesses are tabulated in Table I . It is evident from the Table I , that the higher the spin rate the thinner the active layer.
UV/Vis/NIR absorption spectra of the spin-coated VOPcPhO thin films on glass substrates for four different spin rates are presented in Figure 7 (a). The absorption coefficient versus spin rate for absorption at 670 nm shown in Figure 7 (b) reveals that the absorption coefficient of the spin coated films of VOPcPhO increases with increasing spin rates. The thin films resulting from the spin-rate beyond 3000 rpm are found more prone to the shortening of the device while the films below optimal thickness, are not capable enough to harvest maximum sun light. Hence there was an inevitable trade-off between thickness and spin-rate in choosing the optimal active layer. The device made with the film thickness obtained at 3000 rpm resulted in better results as compared to the devices fabricated for other film thicknesses (results not shown).
(Take in Table I )
Photovoltaic properties
The I-V characteristics of the ITO/PEDOT:PSS/VOPcPhO/Al organic solar cell in dark and under illumination are shown in Figure 8 . The device characterisation was carried out under simulated 100mW/cm 2 AM 1.5 white light illumination. Figure 8 clearly shows that current value under light is greater than the value obtained in the dark. This shows that when the photons are absorbed the electron-hole pairs are produced which result in the carriercontributing photocurrent. A great deal of useful information about the generated electronhole pairs at the junction can be achieved from this phenomenon. As a result of photoexcitation, the charges generated in the active region of the device under illumination are subsequently swept to the corresponding electrodes due to the electric field.
(Take in Figure 8 The measured photocurrent in the active layer can be attributed mainly to the ability of charge carrier to travel to the external electrodes without being recombined (Nogueira et al., 2003) . However, the active layers of greater thickness become more susceptible to the recombination of holes and electrons. Although, the efficiency shown here is very low but this is common in single-junction solar cell structure. The lower efficiency can be attributed to the fact that the single layer VOPcPhO is a material which has low mobility of the order of 10 -5 cm 2 V -1 S -1 .
Comparison of the device operation parameters for single-junction organic solar cells, made with CuPc and VOPcPhO, is presented in Table II 
